Aqueous two-phase systems (ATPSs) composed by UCON (ethylene oxide/propylene oxide copolymer) and potassium phosphate salts were for the first time evaluated in the recovery of Peniophora cinerea laccase from complex fermented medium. The ATPSs were obtained by combining the random copolymer UCON with KH 2 PO 4 , potassium phosphate buffer pH 7 or K 2 HPO 4 . According to the results, protein partition occurred predominantly toward the saline phase (bottom phase) of the ATPSs, while some contaminants such as pigments partitioned mainly to the top phase. In preliminary tests, it was found that the salt with the lowest pH value (KH 2 PO 4 , pH 4.6) stimulated the enzyme activity, while the other salts (pH between 7.0 and 9.5) caused a strong inhibition. However, the salt inhibition was not observed in the equilibrium phases of the UCON-Potassium phosphate ATPSs. The laccase recovery was high for all the biphasic systems, but the highest value (134%) was obtained when using UCON combined with KH 2 PO 4 . When compared to conventional concentration and purification methods (lyophilization, ammonium sulfate precipitation, ultrafiltration, and ion exchange chromatography), ATPS was demonstrated to be an efficient alternative for P. cinerea laccase recovery from fermented medium.
Introduction
Laccases are oxidoreductases commonly produced by white-rot fungi. These enzymes present several biotechnological applications including delignification of lignocellulosic materials, effluents decolorization, bioremediation, and organic synthesis. Laccases normally occur as extracellular glycoproteins, being produced in the cells and then secreted and accumulated outside the hyphal filaments [1] . The purification of laccases from cultures of basidiomycetes has been performed by different methods, generally involving multiple high cost and time spent chromatographic procedures [2, 3] . Frequently a four or five steps methodology is used for laccase purification, based on an initial concentration of the cultivation extract by precipitation with ammonium sulfate or ultrafiltration, followed by ion exchange, gel permeation and/or affinity chromatography [4] . The combination of several chromatographic methods provides a considerable increase in the laccase purification factor. However, the purification yields of the enzyme from ligninolytic fungi cultivation (both under submerged or solidstate fermentation conditions) are usually low [5] . This aspect limits the biotechnological application of laccase, since significant amounts of enzyme are needed to efficiently compete with the traditional oxygen-and chlorine-based oxidizing agents (Cl 2 , ClO 2 , O 2 , O 3 or H 2 O 2 ) [6] . In addition, Peniophora cinerea, as well as several other laccase-producing fungi, produces also pigments during the fermentation [7, 8] , and such compounds may affect the enzyme purification process [9] .
The use of complex fermentation media containing agroindustrial waste residues, such as the corn steep liquors (a residue from wet processing of corn), is an interesting alternative for laccase production from ligninolytic fungi [7] . This approach reduces both the pollution problems caused by residue accumulation and the costs associated to the bioprocess. Furthermore, complex media can significantly promote the laccase production [10] . Nevertheless, the use of these kinds of media may bring additional contaminants (like phenolic compounds or metals) that can compromise the enzymatic activity. Liquid-liquid extraction using aqueous two-phase systems (ATPSs) could be an alternative to the conventional methods of purification. Traditional ATPSs are prepared by mixing aqueous solutions of two polymers, or a polymer and a salt [11] . The solutions become immiscible above critical conditions like temperature or concentration, and a biphasic system is formed, as a consequence. Both phases are mainly composed by water (70-90%), but each one of them is enriched in a different component. The high percentage of water in ATPS provides a mild environment for the recovery and purification of sensitive biological materials, such as proteins [12] , cells [13] , cell fragments and nucleic acids [14] . Purification is achieved when the target molecule is predominantly partitioned to one of the phases, while the interfering substances (contaminants) are partitioned to the opposite phase of the system. The most interesting features of ATPSs include their scaling up feasibility, process integration capability and biocompatibility. Compared to other techniques, such as chromatography, ATPSs present economic and technical advantages by reducing both the number of steps and the associated costs [15] .
The use of ATPSs for laccase recovery from diverse fungi sources has been reported in the literature [16] [17] [18] . However, in all these works the ATPSs were formed by polyethylene glycol (PEG) with different molecular weight and phosphate salts. As far as we know, no references are found on the use of UCON-salt ATPSs for laccase recovery from fermentation media.
In the last decades, the use of thermo-sensitive polymers has been introduced in ATPSs to facilitate polymer recovery [19] . Random copolymers constituted by ethylene oxide (EO) and propylene oxide (PO) units, like UCON, are examples of interesting thermoresponsive (or thermo separating) polymers. The main advantage of EOPO copolymers is that they can suffer significant changes in their solubility due to small variations occurred in temperature. When heated above the lower critical solution temperature (LCST) these polymers separate from the aqueous solution. As a consequence, a new biphasic system composed by a water-rich phase and a polymer-rich phase is formed. This important feature facilitates polymer recovery and makes its reutilization possible. The LCST for the thermo-responsive UCON used in the present study, is about 50 • C [20] . PEG is also a thermo-separating polymer, but its LCST is above 100 • C [21] , which is too high for applications involving labile molecules. The relatively low LCST of UCON, and the advantages associated with the polymer recovery process were the main reasons for choosing this polymer for UCON-salt ATPSs formation.
The present study evaluated for the first time the use of UCONpotassium phosphate salts ATPSs for the recovery of P. cinerea laccase from complex fermented medium. The previously characterized ATPSs [22] were obtained by combining UCON with KH 2 PO 4 , potassium phosphate buffer pH 7 or K 2 HPO 4 . These ATPSs were selected after a screening study where both the partition and stability of a pure commercial laccase from Trametes versicolor was evaluated [23] . In the present work a different fungal source (P. cinerea) was used to produce laccase. Furthermore, the enzyme was recovered from a complex medium where several other compounds are also present. The results obtained using ATPSs were compared with those achieved by using conventional methods of concentration and purification (lyophilization, ammonium sulfate precipitation, ultrafiltration or ion exchange chromatography) and also with those reported in the literature using PEG-phosphate ATPSs.
Material and methods

Chemicals and stock solutions
UCON 50-HB-5100, a random copolymer (average molecular weight M r = 3900) with 50% ethylene oxide and 50% propylene oxide, was obtained from Union Carbide (NY, USA). Potassium dihydrogen phosphate (KH 2 PO 4 ) (anhydrous, 99.9%) was provided by USB Corporation. Dipotassium hydrogen phosphate (K 2 HPO 4 ) (anhydrous, 99.99% Suprapur) was supplied by Merck (Germany). 2,2 -azino-bis-3-ethylbenzothiazoline-6-sulfonate (ABTS) was obtained from Sigma-Aldrich (Germany). Coomassie ® Protein Assay Reagent and BSA Standard Ampules were purchased from Pierce Biotechnology. All chemicals were used as obtained, i.e., without further purification.
Milli Q water was used to prepare stock solutions of UCON and potassium phosphate salts (ca. 50 wt% for UCON, 15.5 wt% for KH 2 PO 4 , and 20 wt% for K 2 HPO 4 ). The concentrations were obtained gravimetrically after evaporation on a heating plate (Stuart hot plate SB300) for salts, or after lyophilization (Scan Vac, model CoolSafe 55-4) for UCON. Potassium phosphate buffer (1 M, pH 7.0) was prepared by combining KH 2 PO 4 and K 2 HPO 4 salts; and its concentration (ca. 14 wt%) was adjusted gravimetrically after evaporation on a heating plate. All the weightings were carried out on an Adam Equipment balance model AAA250L, with precision of 0.2 mg.
Fungal strain and laccase production
P. cinerea CCIBT2541 from the Culture Collection of the Institute of Botany (São Paulo, Brazil), was the fungal strain utilized in the experiments. Cultures of this fungus were maintained in potato dextrose agar (PDA) at 4 • C. To be used in the experiments, three disks (Ø 7 mm) of fungal colonies grown in PDA medium during 7 days at 28 • C were inoculated in 250-mL Erlenmeyer flasks containing 50 mL of liquid culture medium composed of sucrose (5 g/L),
, CuSO 4 ·5H 2 O (1 mM) and corn steep liquor 0.5% (v/v). Cultivation was maintained at 25 • C under static conditions, during 20 days. After this period, liquid cultures were harvested, filtered through 0.45 m membrane, and concentrated by using ammonium sulfate (80% saturation). The extract of P. cinerea laccase then obtained was used in all the subsequent purification assays. 
Laccase recovery by ATPS
Initially, assays were carried out in order to evaluate the interference of potassium phosphate salts and UCON in the laccase activity. P. cinerea laccase extract was previously incubated (static conditions, room temperature) with different concentrations of salts (KH 2 PO 4 , K 2 HPO 4 or potassium phosphate buffer pH 7.0) and UCON, during 30 min. The laccase activity was then determined and the values of relative activity (%) were calculated taking into account a control assay obtained by incubating only the P. cinerea laccase extract at room temperature for 30 min.
To obtain each biphasic system, appropriated amounts of polymer and salt stock solutions were mixed in 1.5-mL eppendorf tubes. Final composition of the prepared systems is indicated in Table 1 . For each ATPS, five replicates with the same feed composition but containing from 0 up to 350 mg of P. cinerea laccase extract were prepared. The corresponding amount of water (from 350 to 0 mg) was added to keep all compositions constant, except for P. cinerea laccase extract (to obtain partition coefficients independent from solute concentration). A schematic representation of this procedure is illustrated in Fig. 1 for UCON-K 2 HPO 4 ATPS. The tubes were then thoroughly mixed on a vortex mixer for 2 min, and phase separation was achieved by centrifugation (10,000 rpm, 10 min) with temperature controlled to 23 • C. Samples of each phase were withdrawn and conveniently diluted with water, and analyzed for total protein and laccase activity determinations. All experiments were carried out at room temperature controlled to 23 • C.
Partition coefficients (K p ) were determined as the slope of the straight line obtained when comparing the protein concentration in the top phase (C T ) against that in the bottom phase (C B ), for the five replicates prepared:
The specific activity in a given equilibrium phase (SA, in U/mg), was calculated as the ratio between enzyme activity in the equilibrium phase (A phase , in U/L) and the total protein concentration in the same equilibrium phase (C phase , in mg/L):
The purification factor (PF), was determined as the ratio between specific activity in the enzyme-rich phase (SA phase ) and the initial specific activity in the extract (SA ext ):
The activity recovery yield was obtained from the ratio between enzyme activity in the enzyme-rich phase (A phase ) and the initial enzyme activity in the extract (A ext ):
The protein recovery yield was calculated using the value of K p and the volume ratio (VR, defined as the ratio between top and bottom phase volumes):
Laccase recovery by concentration and purification methods
Four conventional purification/concentration methods, namely lyophilization, ammonium sulfate precipitation, ultrafiltration, and ion exchange chromatography were also tested for laccase recovery from crude extract of P. cinerea. The freeze drying method was initially used for the laccase concentration, and consisted in subjecting the previously frozen (−20 • C) enzyme extract in a vacuum lyophilization equipment. For the ammonium sulfate precipitation, the laccase extract was precipitated with ammonium sulfate (at 90% saturation) at 4 • C for 12 h. After this time, the formed precipitate was resuspended in sodium acetate buffer 10 mM, pH 5.2, and dialyzed for the salt removal. Ultrafiltration was carried out in Falcon tubes with 3 kDa membranes (Millipore) at 8000 rpm for 15 min. Finally, ion exchange chromatography was performed on a DEAE-Sepharose CL-6B anion exchange column (1.5 × 12 cm). The laccase extract was loaded onto the column previously equilibrated with 10 mM phosphate buffer (pH 8.0), and bound proteins were eluted with 25 mL of 0.2 M NaCl. The collected fractions were dialyzed and analyzed for laccase activity and total protein.
Analytical procedures
Laccase activity was determined spectrophotometrically using 1 mM 2,2 -azino-bis-3-ethylbenzothiazoline-6-sulfonate (ABTS) as substrate in 50 mM phosphate-citrate pH 4.0, at 25 • C. The absorbance was measured at 420 nm (ε = 36.000 M −1 cm −1 ) [24] . One unit of laccase activity (U) was defined as the amount of enzyme required to oxidize 1 mol of ABTS radicals per min.
Protein concentration was determined by the Bradford assay [25] using the Coomassie reagent. Appropriate dilutions were made to minimize the interference of salts and UCON in the Bradford assay [26] .
In all ATPS, laccase activity and total protein concentration were obtained as the average of three independent experiments.
Results and discussion
Interference of potassium phosphate salts and UCON in the laccase activity
In order to evaluate the interference of each ATPS constituent in the P. cinerea laccase activity, assays were carried out using salts and UCON concentrations close to those present in the equilibrium phases (Table 1) . The results obtained for the relative laccase activity (%) are given in Table 2 . As can be seen, phosphate salts showed different interferences in P. cinerea laccase activity. The enzymatic activity was increased when in presence of KH 2 PO 4 , but it was strongly inhibited in the presence of K 2 HPO 4 or potassium phosphate buffer. A possible explanation for these results could be the pH of the salt solutions. Since fungal laccases usually exhibit pH optima in the acidic pH range [27] , no enzymatic activity was observed in the presence of the phosphate salts with the highest pH values. On the contrary, the laccase activity was stimulated in the presence of KH 2 PO 4 salt, whose solution had a low pH value.
Regarding the UCON interference tests, two different concentrations of polymer were chosen: one close (25%) and other higher (50%) than those found in the ATPSs. It was found a strong interference of UCON in the enzymatic activity (24% relative laccase activity) when present in higher concentrations. However, when present in a concentration close to those founded in the top phase of UCON-phosphate salt ATPSs, an activity variation of only 11% was found. Some synthetic polymers have been described as stabilizing agents of enzymes due to their ability to exclude the enzyme from part of the solvent, thus minimizing the detrimental effect of the environment [28] . Polyethylene glycol (PEG) is one of these polymers, and its effect at suppressing the inactivation of enzymes [29] , including laccase [30] , is reported in the literature. UCON, such as PEG, is composed by ethylene oxide, but it also contains propylene oxide units and for that reason it is more hydrophobic than PEG. This characteristic may explain the decrease in the enzymatic activity observed in the presence of UCON, because being more hydrophobic, its interaction with the solvent is lower. Therefore the protective effect of UCON, minimizing the prejudicial interferences of the environment and contributing to the enzyme stabilization, seems to be lower. UCON interference in laccase activity was previously reported by our group [23] , where it was showed that bottom phases (salt-rich phase) of UCON-phosphate salt ATPSs provided better stability results than top phases (UCON-rich phase). However, the specific mechanism involved in the UCON interaction with both the solvent and the enzyme is beyond the scope of this work. Furthermore, protein partitioned mainly to the bottom phase, where UCON concentration is much lower (0.3-0.6% w/w), thus its interference in laccase activity will be reduced. As a consequence, it can be concluded that UCON caused a small interference in the laccase activity when present in concentration close to those founded in the equilibrium phases. Table 3 summarizes the results obtained for protein partition coefficient (K) in the different ATPSs studied. For each biphasic system, five replicates with different laccase concentrations were prepared. A straight line was obtained when protein concentration in the top phase was plotted against laccase concentration in the bottom phase, for the five replicates, as illustrated in Fig. 2 for UCON-K 2 HPO 4 ATPS. Protein partition coefficient was obtained as the slope of this straight line, as previously described [23, 31] . The only exception was UCON-KPB ATPS, where only four replicates were used to obtain the partition coefficient. This fact was due to the detection of some precipitation at the interface of the ATPS when the maximum volume of extract was added. Therefore, this point was rejected. Linearity was observed in all cases, which indicates that all partition coefficients calculated using this procedure have thermodynamic meaning (since they are independent of the solute concentration). This linearity also confirms that there are no inconvenient phenomena, like aggregation, affecting the partition coefficient.
Laccase recovery by ATPS
The partition coefficients revealed that protein partition occurred preferably toward the bottom phase of the ATPSs. As shown in Table 4 , % activity yield >100 were obtained in some cases, even for the ATPSs composed by salts that caused strong inhibition in laccase activity (Table 2 ). Contrary to the classical concept of recovery, yields over 100% can be found when evaluating the enzymatic activity [32, 33] . The enzymatic activity depends on several factors such as the pH, temperature or concentration of some components (salts, polymers, contaminants, etc.), and therefore it can be positively (or negatively) affected by variations occurred in the media. In this particular case, the increase over 100% can be a consequence of the removal to the top phase of some contaminants [34] , such as the pigments present in the laccase extract which might inhibit the enzymatic activity. Visually, it was possible to confirm that pigments partitioned essentially to the top phase of the UCON-salt ATPSs, becoming this phase rather brown in all biphasic systems (Fig. 3) . Besides the pigments, other compounds from the fermentation medium could be affecting laccase activity. Corn steep liquor was used to prepare the complex medium because it proved to enhance laccase production [7] ; it is relatively inexpensive and commercially available. This liquor is mainly composed by peptides, lactic acid, reducing sugars, metal ions, amino acids and vitamins [35] . Some of these compounds might be affecting the laccase activity in the P. cinerea extract. Nevertheless, when the extract was added to the biphasic systems, some of these interfering compounds might be partitioned to the top phase and therefore laccase activity increase in the bottom phase leading to % activity yield >100. Additionally, the volume of laccase extract added to the system influenced also the % activity yield of the P. cinerea laccase in the bottom phase. In all cases, increasing the volume of enzyme extract added to the system caused a decrease in the % activity yield in the bottom phase (Table 4 ). An analogous effect was reported for laccase extract from Agaricus bisporus, which was attributed to the saturation of the recovery phase due to the complex composition of the extract [36] . In this work, probably did not occur the saturation of the recovery phase (bottom phase), but the saturation of the top phase with the contaminants that negatively affect laccase activity. As a consequence, for higher volumes of added extract, the amount of contaminants partitioned to the bottom phase will increase, contributing for the decrease observed in the % activity yield ( Table 4) . The purification factor also decreased for the higher volumes of laccase extract added to the ATPSs (Table 4) . On the other hand, the % protein yield did not varied significantly when increasing the volume of laccase extract added (Table 4) . Considering all the parameters presented in Table 4 , it was found that the best results for laccase recovery were obtained using UCON-K 2 HPO 4 and UCON-KH 2 PO 4 ATPSs when lower volumes of extract were added to the system. These ATPSs provided the highest % activity yields and purification factors, important issues when considering the practical application of laccase in oxidation process.
A comparison between the results obtained using UCONphosphate ATPSs and those reported in the literature for PEG-phosphate ATPSs is presented in Table 5 . The % activity yields here achieved are higher or similar to those reported for PEGphosphate ATPSs. However, the purification factor is lower. It is important to highlight that we are comparing laccase extracts obtained from different fungal sources and through different fermentation conditions. Thus, the extracts certainly have a different composition regarding the amount of proteins and other contaminants present.
Laccase recovery by concentration and purification methods
Conventional methods of concentration and purification were also carried out and compared whit the laccase recovery results obtained using ATPSs (Table 6 ). Among the evaluated methods, lyophilization and ultrafiltration gave the lowest activity yields (48% and 41%, respectively), and were considered unsuitable to recover laccase from P. cinerea extract. Lyophilization allows the simultaneous concentration of laccase and all the contaminants, which may explain the reduced activity yields obtained. In addition, lyophilization process can also induce denaturation by both freezing and drying stresses [37] . On the other hand, ultrafiltration eliminated all the extract components with lower molecular weight, which include some ions (such as Cu 2+ or Mn 2+ ) previously reported as important contributors to enhance laccase activity from other white-rot fungi [38, 39] . The recovery yield was increased by ammonium sulfate precipitation; however, the highest result was obtained when using ion exchange chromatography. In fact, ion exchange chromatography proved to be a good method for the laccase recovery, but it has a much higher cost when compared to ATPSs.
Different approaches for using fungal laccases are reported in the literature depending on the application or values of enzymatic activity achieved after fermentation. In the most common industrial applications, which include delignification of lignocellulosic materials and effluents decolorization, fungal laccases are used as obtained from the fermentation broth without any special treatment besides filtration to separate the extract from the mycelium [40] . Nevertheless, when laccase is used in bioprocesses like preparation of biosensors, drug synthesis or degradation of phenolic Table 6 Laccase recovery by lyophilization, ammonium sulfate precipitation, ultrafiltration or ion exchange chromatography.
Method
Activity yield (%) compounds present in drinks, higher levels of purity are required and the enzymatic extract have to be carefully purified [41] . Thus, it is important to find suitable methodologies to achieve the purification levels needed in each specific application. In this work it was proved that ATPS provided a partial purification of P. cinerea laccase and contributed to an increase of the enzymatic activity. Therefore, this methodology can be suitable for the recovery of laccases with application in industrial bioprocesses where some purity level is required. Furthermore, it merits emphasizing that UCON is a temperatureresponsive (or thermoseparating) polymer. When heated above the critical temperature (about 50 • C), UCON separates from the aqueous solution, thus facilitating polymer recovery and reutilization. Additionally, the use of UCON phosphate salt ATPSs for commercial laccase partition was recently evaluated, being demonstrated to be a promising alternative for laccase recovery [23] . The present study is a sequence of this previous work, and demonstrates that the application of these different ATPSs for laccase recovery from complex fermentation media produces also good results.
The use of ATPS for laccase recovery from culture media has been few explored up till now. Besides the application for pure commercial laccase partition [23, 31] , only three other studies reporting the use of ATPSs for laccase purification were recently published. All these studies concluded that ATPSs have potential for application in downstream processes in the recovery and primary purification of laccase from fermentation medium. The present study also contributes for the development of this research area, since it was found that ATPSs are good alternatives over the conventional concentration and purification methods, to recover laccase from complex fermented medium.
Conclusions
UCON-Potassium phosphate salts ATPSs demonstrated to be a promising alternative for laccase recovery from fermentation media. When used for the recovery of P. cinerea laccase from complex fermented medium, high laccase activity was obtained in the bottom phase, while some contaminants seemed to be eliminated to the top phase of the biphasic systems. A comparison with conventional concentration and purification methods revealed that ATPSs were a good alternative for laccase recovery, providing high protein yield and enzyme activity, with reduced time and cost.
